Alumina films less than 20/am thick are prepared by a process in which a~boehmite sol is successively gelled, dried and calcined. The resulting structure has the unique property that only ultra-fine pores with a narrow pore size distribution are present within large crack-free layers. The microstructure can be influenced by the sintering temperature and the acid concentration of the precursor sol. The minimum modal pore size which has been obtained is 2.5 nm. A consistent model of the microstructure of the membranes and an explanation of its uniformity are presented.
Introduction
The use of membranes for separation purposes is becoming increasingly important. Water desalination, ultrafiltration processes in the food industry and in waste water treatment, and separation of gas mixtures are just a few examples of the use of membranes in large scale processes. A state of the art review and future prospects concerning the use of organic membranes have been presented recently [1] . A review of inorganic membranes has been written by the present authors [2] . It shows that only a few types of inorganic membranes are available commercially. It appears to be very difficult to prepare crack-free inorganic films with ultrafine pores and a narrow pore size distribution. Membranes with a narrow pore size distribution, in which especially large pores should be absent, are necessary to obtain a high degree of separation of mixtures. The modal por e size required depends on the type of mixture to be separated. The thickness of the membrane should be small enough to obtain a flux which is sufficiently high to make the process economically feasible. The use of inorganic instead of organic membranes is advantageous if one is dealing with high temperatures, aggressive mixtures (chemical, mechanical, microbiological), high pressures (no compaction of inorganic membranes) or separation circumstances which make frequent cleaning of the membrane necessary.
The microstructure of ultrafine ceramic compacts in different stages of processing (pressing, sintering) has been investigated thoroughly in our laboratory [3] [4] [5] . It has been found that the preparation of ultrafine grained ceramics with a high density is possible, when a ceramic compact consisting essentially of very fine crystallites and having small pores and a narrow pore size distribution is used as a starting material for the sintering process. This narrow pore size distribution is obtained as a result of a regular particle stacking. The concept of regular particle stacking achieved from sols instead of powders is the basis of this work.
A major obstacle in the preparation of fired ceramic bodies directly from sols and without the use of binders is the loss of coherency of the body during drying and firing. Yoldas [6, 7] claims that such a preparation for bulk ceramic bodies should be possible when a boehmite sol is used as a precursor. A crystal size of 6.9nm, a pore size of 7.8 nm (assuming cylindrical pores) and a porositY of 65% are reported after sintering at 500~ It will be shown that considerably lower pore sizes combined with somewhat lower porosities can be achieved for thin films. Arguments for selecting boehmite for our investigations are that the system is chemically relatively simple while its microstructure is very flexible. Furthermore, 3,-AIOOH (boehmite) and its conversion to so-called transition aluminas have been widely investigated [8] [9] [10] [11] , which makes a proper choice of preparation conditions somewhat easier.
Thin films used in separation processes with a pressure gradient have to be supported by a porous carrier. However, the interpretation of experimental results of non-supported membranes is more straightforward than that of supported membranes, where the effects due to membrane and support have to be separated. Because the preparation of supported and non-supported membranes proceeds in a comparable way (see Fig. 1 ), the results obtained from non-supported films are expected to be applicable to supported films. This statement will be proved in Section 3.4. Therefore the research for finding a procedure for the preparation of supported thin films and the investigation of non-supported films has been carried out simultaneously. The latter have then been used for a thorough investigation of the microstructural development as a function of preparation conditions.
(1800 series) for gas adsorption-desorption studies, using N2 at 77K. Transmission electron microscopy (TEM) was performed with a Jeol 200 CT instrument.
Results

Preliminary investigations
When boehmite sols are concentrated by drying, they are converted into gels. It appears that gel films dried at room temperature and relative humidities of 40 to 80% form cracks when their thickness is larger than roughly 20 #m after drying, the exact thickness limit being a function of process conditions. Another condition that should be fulfilled in order to acquire crack-free films is that the carrier surface should be well wetted by the sol.
The following procedure was adopted to obtain non-supported calcined films (see Fig. 1 ). A ceramic support is coated with a cellulose acetate film. A quantity of sol is poured onto this film so that the layer thickness after calcination is about 20gin. After drying, the resulting gel is placed in acetone to dissolve the cellulose acetate and to obtain the non-supported gel film, which can then be calcined. The preparation scheme of supported gel films contains the same general steps, though the processing between steps 2 and 4 (see Fig. 1 ) is carried out differently. A detailed description will be presented elsewhere.
Experimental details
Boehmite (7-A1OOH) sols were prepared by adding aluminium secondary butoxide to water which was heated to a temperature above 80~ and stirred at high speed. Two litres of water were used per tool of alkoxide. The solution was kept at 90~ and, about } to 1 h after addition of the alkoxide, 0.07mol HNO3 per mol alkoxide was added to peptize the sol particles unless stated otherwise. The sol was kept boiling in the open reactor for a few hours to evaporate most of the butanol and was subsequently kept at 90 to 100 ~ C during about 16h under reflux conditions. The gels prepared according to Section 3.1 were calcined at a rate of 10 ~ Ch -1 and kept at the final temperature for 34h.
X-ray diffraction studies were carried out with a Philips X-ray diffractometer PW 1370 with nickel filtered CuKa radiation. The pore size analyses were performed with a_Carlo Erba Mercury porosimeter (200 series) and a Carlo Erba Sorptomatic 3.2. The influence of temperature treatment on the microstructure A series of membranes were prepared containing 0.07mol HNO3 per mol of 7-A1OOH. In Table I the temperature treatments given and the resulting phases acquired, as measured by X-ray diffraction, are presented. The transition of 7-A1OOH to 7-A12Oa takes place at about 390~ as shown by high temperature Guinier X-ray diffraction. The diffraction peaks of all samples other than the sample heated to 1000~ are very broad. The intrinsic (i.e. corrected) integral line width is between 1.5 ~ and 3.8 ~ . Because of these broad reflections no distinction can be made between 3'-A1~O3 and &Al203. 
